Acrylic acid (AA) is used widely in the synthesis of esters essential in the production of paints, adhesives, plastics, and coatings. The minimal systemic toxicity of AA is attributed to its rapid oxidation to acetyl-CoA and CO 2 via the vitamin B 12 -independent beta-oxidation pathway. This oxidation is localized to the mitochondria and preliminary evidence suggests a possible inhibition of mitochondrial metabolism by acrylic acid. The purpose of this investigation was to evaluate whether AA interferes with mitochondrial bioenergetics in vitro. Incubation of isolated rat liver mitochondria with AA resulted in a dose-dependent induction of the mitochondrial permeability transition (MPT). This was evidenced by an increased sensitivity to calcium-induced stimulation of state 4 oxygen consumption, depolarization of membrane potential, and swelling, all of which were prevented by preincubating the mitochondria with cyclosporine A, a potent and specific inhibitor of the mitochondrial permeability transition pore. Both Nethylmaleimide (NEM) and dithiothreitol (DTT) showed only partial protection against induction of the MIT by AA. Associated with the induction of the MPT by AA was the loss of mitochondrial glutathione (GSH), which was due to efflux from the matrix rather than oxidation to GSSG. Cyclosporine A, by inhibiting the permeability transition, prevented the AA-induced loss of mitochondrial GSH. In conclusion, AA increases the sensitivity of isolated mitochondria in vitro to the calcium-dependent induction of the MPT. Although the molecular mechanism has yet to be defined, it does not appear to be related to the oxidation of critical thiolS. O 1998 Society of Toxicology.
thesis of various polymers and resins including plastics, adhesives, paints, and water-resistant coatings. AA causes an acute irritation at the site of exposure. However, the systemic toxicity is minimal, possibly due to the fact that 60-80% of the absorbed dose is metabolized to carbon dioxide within 12 h of exposure (Black et al, 1995; Finch and Frederick, 1992) . The regional cytopathology in the olfactory epithelium following inhalation of mono-and dibasic esters of acrylic acid has been ascribed to the regional hydrolysis and release of AA by resident tissue carboxylesterase enzymes that are localized preferentially to the affected epithelia (Frederick et al., 1994; Keenan et al, 1990; Lee et al, 1992; Miller et al, 1985; Reininghaus et al, 1991) . This chronic inflammatory effect may also account for the hyperplastic response of the forestomach, but not the glandular stomach, epithelia following chronic gavage of rats with ethyl acrylate (Gillette and Frederick, 1993; Ghanayem et al, 1985a Ghanayem et al, ,b, 1986a Frederick et al., 1990) .
The principal urinary metabolite detected by HPLC following oral dosing is 3-hydroxypropionic acid, suggesting that AA oxidation occurs through the vitamin B 12 -independent betaoxidation pathway (Black et al, 1995; deBethizy et al., 1987; Finch and Frederick, 1992; Winter et al, 1992) . The greatest rate of oxidation of AA by mouse tissue slices in vitro occurred in kidney and liver (Black et al, 1993) . The metabolic pathway has been described by Frederick and co-workers (Black et al, 1993; Finch and Frederick, 1992) wherein acrylic acid is first conjugated by mitochondrial acyl-CoA synthetase to form the acTylyl-CoA ester, which is rapidly oxidized to 3-hydroxypropionate via 3-hydroxypropionyl-CoA. Following oxidation, acetyl-CoA is formed which feeds into the citric acid cycle to liberate 2 additional mol of CO 2 . Finch and Frederick (1992) localized the oxidation pathway to mitochondria and demonstrated strong, apparently competitive inhibition by propionic acid, 3-hydroxypropionic acid, and 3-mercaptopropionic acid.
The formation of acrylyl-CoA and competitive inhibition of the beta-oxidation pathway by AA provides the first indication that AA interferes with mitochondrial bioenergetics. This is of particular significance in that weak acids, including fatty acids, fibric acids, and salicylic acid, are known to be one of several classes of inducers of the mitochondrial permeability transition (MPT) in vitro (Gunter and Pfeiffer, 1990 ). This transition is manifested by the transformation of a calcium-dependent, thiol-regulated, voltage-gated complex of membrane-spanning proteins, into a nonspecific pore capable of conducting solutes of < 1500 Da (Bernardi et al., 1994; Gunter and Pfeiffer, 1990; Gunter et al., 1994; Zoratti and Szabo, 1995) . Opening of this pore results in the dissipation of transmembrane ionic gradients resulting in depolarization of membrane potential, inhibition of oxidative phosphorylation, and high-amplitude mitochondrial swelling. The significance of this observation is that induction of the MPT and the resulting interference with mitochondrial bioenergetics is implicated in the mechanism of cytotoxicity of numerous agents (Kass et al, 1992; Nieminen et al., 1995; Richter and Kass, 1991; van de Water et al, 1994) . Such an effect might be operative in the manifestation of toxic tissue injury and the mitogenic response caused by AA or its esters.
EXPERIMENTAL METHODS
Chemicals. Cyclosporine A was a generous gift from Sandoz Pharmaceutical Corp. (East Hanover, NJ). All other chemicals were purchased at the highest purity available from Sigma Chemical Co. (St. Louis, MO).
Isolation of rat liver mitochondria. Hepatic mitochondria were isolated from adult male Sprague-Dawley rats (200-300 g) by differential centrifugation Henry el al., 1995) . Rats were purchased from Harlan Sprague-Dawley (Madison, WI) and acclimated in an AAALACaccredited, climate-controlled (21°C; 14/10 h light cycle) animal care facility for at least 3 days prior to the experiment. Animals were killed by decapitation and the liver was quickly homogenized (Teflon:glass pestle) in 20 vol (ml/g) of cold 210 mM mannitol-70 mM sucrose-1 mM EGTA-5 mM Hepes (pH 7.4). The homogenate was centrifuged for 10 ran at 1500g and 4°C, and the mitochondria recovered from the supernatant by centrifugation at 12,000g for 15 mm. The mitochondria] pellet was washed once before resuspending the final pellet in 210 mM mannitol-70 mM sucrose-5 mM Hepes (pH 7.4) at a protein concentration of 25-30 mg/ml.
Mitochondrial oxygen consumption.
Mitochondria were suspended at a concentration of approximately 1 mg/ml in 200 mM sucrose-10 mM Tris-MOPS (pH 7.4H mM KH 2 PO 4 -10 ^M EGTA supplemented with 2 /xM rotenone and 1 /xg/ml oligomycin. The incubations were conducted at 30°C in a closed reaction chamber with constant stirring. Oxygen tension was monitored polarographically (Yellow Springs Instruments, Model 53) and additions were made as indicated through a small-caliber portal directly into the reaction chamber.
Membrane potential
Mitochondrial membrane potential (A¥) was estimated using an ion-selective electrode to measure the distribution of tetraphenylphosphonium (TPP + ) according to previously established methods (Kamo et al, 1979; Palmeira et al., 1994) . The reference electrode was Ag/AgCl 2 . Mitochondria (1 mg/ml) were suspended with constant stirring at 30°C in 200 mM sucrose-10 mM Tris-MOPS (pH 7.4)-l mM KH 2 PO 4 -10 nM EGTA supplemented with 2 p.M rotenone and 1 fig/ml oligomycin. TPP + was added to a final concentration of 4 /xM and the mitochondria were energized by adding succinate to a final concentration of 5 mM. The distribution of TPP + was allowed to reach a new equilibrium (ca. 2 min) before making any further additions. The electrode was calibrated with TPP + assuming Nerstian distribution of the ion across the synthetic membrane, and A¥ is expressed in mV. Preliminary calibrations revealed no interference with the electrode by any of the reagents examined.
Mitochondrial swelling. Changes in mitochondrial volume were estimated by changes in light-scattering as monitored spectrophotometrically at 540 nm Palmeira and Wallace, 1997) . Mitochondria were suspended at 0.5 mg protein/ml in 200 mM sucrose-10 mM Tris-MOPS (pH 7.4)-l mM KH 2 PO 4 -10 jiM EGTA supplemented with 2 jiM rotenone and 1 Hg/ml oligomycin. The reaction was stirred continuously and the temperature maintained at 30°C. The mitochondria were energized with 5 mM succinate for 2 min before adding CaCl 2 at varying concentrations. Where indicated, cyclosporine A, A'-ethylmaleimide, dithiothreitol, and/or acrylic acid were added just prior to succinate. None of these reagents interfered with the spectrophotometric analysis.
Mitochondrial glutathione (GSH) . Glutathione concentrations were estimated by HPLC after separating the intact mitochondria from the reaction medium (Reed et al., 1980; Fariss and Reed, 1987) . The reactions were conducted under a steady stream of oxygen as described above and oxygen tension was monitored with an oxygen electrode to verify adequate oxygenation. The concentration of mitochondrial protein was 2.5 mg/ml. At the indicated times, an aliquot of the reaction medium was withdrawn and layered over 0.4 ml dibutylphthalate and 0.5 ml 10* perchloric acid (PCA) containing 1 mM bathophenanthrolinedisulfonic acid. The intact mitochondria were pelleted though the dibutylphthalate by centrifugation at 55OOg for 2 min, leaving broken mitochondria suspended with the extramitochondrial medium on top of the dibutylphthalate layer. The supernatant and PCA pellet were recovered separately and subjected to derivatization for HPLC analysis of reduced (GSH) and oxidized (GSSG) glutathione. Briefly, 50 fd of 100 mM iodoacetic acid was added to 0.5 ml of the respective sample, followed by 0.5 ml of 2 M KOH-2.4 M KHCO 3 and vortex mixing. The samples were kept at room temperature in the dark for 1 h. Next was added 0.45 ml of 1.5% 1-fluoro-2,4-dinitrobenzene and the samples stored overnight at 4°C, then centrifuged at 1400g for 2 min. Glutathione and related thiols were separated by HPLC, which consisted of a 25-cm X 4.6-mm i.d. Spherisorb S5 amino column, and detected at 365 nm. The mobile phase (delivered at 1.5 ml/min) consisted of a 10-min binary gradient from 0.1 to 0.5 M sodium acetate in 64% memanol. The data were analyzed by calculating peak area and quantified by comparison to commercial standards of both GSH and GSSG. Initial experiments revealed that only NEM (and not acrylic acid, DTT, or cyclosporine A) reduced the extinction coefficient for GSH, indicating a direct interaction between NEM and the reduced sulfhydryl. None of the reagents altered the regression curve for GSSG standards.
RESULTS
Mitochondria have a finite capacity to accumulate calcium before undergoing the calcium-dependent mitochondrial permeability transition. This is illustrated in Fig. 1 where calcium was added at increasing concentrations to mitochondria that had been energized with succinate in the presence of 2 /xM rotenone; 10 /xM CaCl 2 caused minimal mitochondrial swelling, whereas greater than 20 /xM calcium (40 nmol/mg protein) caused a dose-related increase in the rate, but not the extent, of swelling. Even at 75 /iM calcium (150 nmol/mg protein) there was a 2-to 5-min delay from the time that calcium was added to the first indication of substantial mitochondrial swelling. From these results, a calcium concentration of 20 to 30 /xM (40 to 60 nmol/mg protein) was chosen as a standard against which to assess the effect of acrylic acid.
Adding acrylic acid to succinate-energized rat liver mitochondria that had been preloaded with 40 nmol calcium/mg protein (20 /iM) caused a dose-dependent stimulation of mitochondrial swelling (Fig. 2) . The induction of mitochondrial swelling by acrylic acid exhibited delayed kinetics. There occurred a delay of up to 10 min followed by a large-amplitude decrease in absorbance. Once initiated, however, the mitochondria in suspension underwent the +CyA FIG. 1. Calcium-dependent induction of the mitochondrial permeability transition. Rat liver mitochondria were incubated at 0.5 mg protein/ml in 200 mM sucrose-10 mM Tns-MOPS (pH 7.4)-l mM KH 2 PO 4 -10 JIM EGTA supplemented with 2 fiM rotenone and 1 fig/ml oligomycin. The reaction was stirred continuously and the temperature maintained at 30°C. The mitochondria were energized with 5 mM succinate for 2 min before adding CaCl 2 at the indicated concentrations. Light scattering was monitored continuously at 540 nm and served as the basis for assessing changes in mitochondrial volume. The traces are typical of three to six repetitions using separate preparations of freshly isolated mitochondria.
same magnitude of volume change, regardless of the concentration of acrylic acid, suggesting that the induction of mitochondrial swelling was complete and that the effect of acrylic acid was to alter the time constant preceding activation of the permeability transition pore.
Substantive evidence implicating induction of the permeability transition pore was gained from the effects of cyclosporine A (CyA) and thiol reagents on AA-induced mitochondria] swelling. Incubation of isolated mitochondria with 20 JAM calcium plus 1 mM AA caused a rapid and profound decrease in light scattering (Fig. 3) . Without AA, mitochondria swelled to only 40% of maximum within 20 min. In the presence of both AA and calcium, swelling was complete within 15 min. Adding 0.85 ^.M CyA just prior to AA completely prevented the calcium-induced mitochondrial swelling. In fact, the degree of swelling, which was essentially nil, was substantially less than that observed for controls, in the absence of AA. The monofunctionaJ sulfhydryl alkylating agent NEM had a similar effect in preventing AA-induced mitochondria] swelling (Fig.  3) . DTT, however, was far less protective at the concentrations employed in these experiments (1 mM). These data correlate well with the effect of these same reagents on naphthoquinoneinduced mitochondrial swelling, which is known to induce opening of the thiol-regulated, voltage-dependent mitochondrial permeability transition pore Palmeira and Wallace, 1997) .
Induction of the mitochondrial permeability transition by AA is further evidenced by the effect on mitochondrial respiration (Fig. 4) . Adding 300 nmol of calcium to 2.5 mg mitochondria] protein energized with succinate and rotenone caused a transient increase in the rate of oxygen consumption, respiration returning to State 4 within 1.5 min. However, when the mitochondria were preincubated for 2 min with 1 mM AA, adding calcium resulted in a complete uncoupling of respiration, oxygen tension approaching zero within 2.5 min of adding 300 nmol of calcium. Adding either CyA (0.85 /xM) or NEM (20 ^iM) completely prevented the calcium-induced uncoupling of mitochondrial respiration caused by AA (Fig. 4) . The effect of CyA in eliminating the effect of AA was remarkable in that mitochondria could withstand successive additions totaling in excess of 1000 nmol of calcium without becoming uncoupled. NEM, on the other hand, altered the respiratory response to calcium. Although NEM prevented the AA-induced uncoupling, the transient stimulation of respiration by calcium was dramatically reduced, suggesting a direct effect of NEM on either the calcium transport or calcium-dependent respiratory pathways. Figure 5 illustrates the effects of AA on mitochondrial membrane potential for the same reactions as illustrated in Fig. 4 depicting oxygen consumption. Both oxygen-selective and TPP + -selective electrodes were placed in the same closed reaction chamber and mitochondrial respiration and membrane potential were recorded simultaneously. Adding 300 nmol of calcium to control, succinate-energized mitochondria caused a dramatic, yet transient, depolarization of membrane potential (Fig. 5, left) . The maximum Freshly isolated rat liver mitochondria were incubated at 30°C in closed reaction chambers at 1 mg protein/ml in 200 mM sucrose-10 mM Tris-MOPS (pH 7.4)-l mM KH 2 PO 4 -10 ftM EGTA supplemented with 2 /iM rotenone and 1 fig/ml oligomycin. Oxygen tension was recorded continuously using a Clarke-type YSI electrode. Respiration was initiated by adding 5 mM succinate followed by 100 or 300 nmol of CaCl 2 . Where indicated acrylic acid (1 mM AA), 20 fiM NEM, and/or 0.85 fiM CyA were added at the beginning of the reaction, 5 min prior to succinate. The tracings were recorded simultaneously with the recording of membrane potential (Fig. 5 ) and are typical of three or four separate experiments. degree of depolarization was approximately 75 mV, returning to near the original potential of over 200 mV (negative inside) within 2 min. However, the calcium-loaded control mitochondria were incapable of sustaining membrane potential and underwent a gradual depolarization of approximately 15 mV over the ensuing 10 min. This was followed by a dramatic depolarization that coincided with the reaction reaching near complete exhaustion of dissolved oxygen (Fig. 4) . As illustrated in Fig. 6 , avoiding the induction of anaerobisis prevented the dramatic depolarization of control mitochondria by calcium. In contrast to control mitochondria, adding 1 mM AA rendered the mitochondria highly susceptible to the uncoupling effect of calcium. In the presence of AA, the mitochondria failed to repolarize after adding calcium (Fig. 5,  left) . NEM afforded no protection against the effect of AA on calcium-induced depolarization of mitochondrial membrane potential (Fig. 5, left) . Cyclosporine A, however, afforded complete protection. When added 1 min prior to AA, CyA increased dramatically the capacity of mitochondria to accumulate calcium without succumbing to irreversible depolarization (Fig. 5, right) . In the presence of 0.85 /iM CyA, mitochondria were capable of repolarizing after adding as much as 1000 nmol of calcium. The eventual depolarization of membrane potential in the presence of CyA was due to the ultimate attainment of near anaerobic conditions in the reaction chamber.
Repeating the membrane potential measurements in open systems under a steady stream of compressed oxygen avoided the induction of anaerobisis and yielded dramatically different results (Fig. 6 ). Under these conditions, oxygen tension was monitored continuously to assure thorough oxygenation of the reaction. As illustrated in Fig. 6 (left), mitochondria energized with succinate plus rotenone maintained a constant membrane potential of approximately -210 mV. Adding 300 nmol of calcium (50 nmol Ca 2+ /mg protein) caused a brief depolarization to near -150 mV, but membrane potential was rapidly restored. Unlike what was observed in the closed reaction systems, there was no delayed depolarization of membrane potential following the addition of calcium to well-oxygenated control mitochondria. Acrylic acid caused a slight (10-15 mV) but direct depolarization of membrane potential (Fig. 6, left) . Subsequent addition of 300 nmol of calcium resulted in an abrupt and transient depolarization followed by a delayed (2-5 min) and irreversible depolarization of the mitochondrial membranes. The right side of Fig. 6 illustrates the effects of NEM, DTT, and CyA on the AA-induced irreversible depolarization of mitochondrial membrane potential. Adding 20 /xM NEM afforded only partial protection against the AA-induced, calcium-dependent irreversible depolarization of mitochondrial membranes. DTT at 1 mM had a similar effect. Both agents prolonged the lag time, but did not prevent the eventual complete and irreversible depolarization of membrane potential. In contrast, near complete protection was afforded by adding CyA just prior to AA (Fig. 6, right) . The tracing of mitochondrial membrane potential in the presence of CyA (Fig. 6 , last trace, right side), is distinguishable from the of controls that were not treated with AA (Fig. 6, left side, second tracing) .
The determinations of the effects of AA on mitochondrial glutathione concentrations were conducted under well-oxygenated conditions, rather than in closed reaction chambers as depicted in Fig. 5 . In fact, the tracings of membrane potential illustrated in Fig. 6 were recorded from the very same reaction mixtures that were used to quantify glutathione. The reactions were conducted in open chambers into which was inserted a TPP + -selective electrode. The reactions were initiated and membrane potential was monitored continuously for 12 min after adding calcium, at which time an aliquot of the reaction mixture was withdrawn for analysis of GSH and GSSG. As illustrated in Fig. 7 , total mitochondrial GSH amounted to 4-5 nmol/mg protein, which agrees with the values reported previously (Savage et al., 1991; Savage and Reed, 1994 GSH was released to the extramitochondrial medium over the course of 12 min of incubation. It must be noted that we were unable to detect any GSSG under any of the reaction conditions examined (limit of detection was ca. 100 pmol). From this we conclude that mitochondrial glutathione is in the highly reduced state and that oxidation of GSH is not a prerequisite for induction of the permeability transition by AA.
Challenging with either 300 nmol of calcium (50 nmoiymg protein) or 1 mM AA did not alter the distribution of GSH between the matrix and the extramitochondrial medium. However, adding 300 nmol of calcium to mitochondria preincubated with AA caused the complete release of all matrix GSH within the 12 min of observation ( Fig. 7; Ca+AA) . Cyclosporine A inhibited completely the calcium-induced efflux of GSH from mitochondria treated with AA. Conversely, neither NEM nor DTT prevented the AA-induced efflux of mitochondrial GSH. This concurs with the observation that neither NEM nor DTT prevented the AA-induced depolarization of mitochondrial membrane potential, whereas CyA afforded complete protection (Fig. 6, right) . Mitochondria incubated with AA and either NEM or DTT were highly depolarized at 12 min following calcium addition, which was the time that samples were withdrawn for glutathione measurement.
Induction of the MPT by AA, and its reversal by CyA, DTT, and NEM, was independent of the oxidation or consumption of mitochondrial glutathione. This is evidenced by the fact that total GSH (mitochondrial plus medium) was not different among the treatment groups (Fig. 7) . Oxidized glutathione (GSSG) was not detectable in either the mitochondrial or supernatant fractions of any of the samples. The apparent small net loss of GSH in the presence of NEM might reflect oxidation to mixed disulfides or formation of conjugates of GSH thioethers. We suggest a third alternative; in all reaction sets wherein conditions favored induction of the permeability transition, there appeared a loose protein precipitate on top of the dibutylphthalate layer following centrifugation. Disruption of this proteinaceous interface released GSH to the medium (data not shown). We suggest that this interface represents ' 'permeabilized" but unbroken mitochondria that are too buoyant to sediment through the dibutylphthalate layer.
DISCUSSION
Induction of the mitochondrial permeability transition is implicated in the mechanism of cell injury caused by a number of xenobiotics, many of which are oxidants (Imberti et al, 1993; Kass et al, 1992; Nieminen et al, 1995; Richter and Kass, 1991; van de Water et al., 1994) . Some key features of the MPT are that it has a strict requirement for matrix calcium and is inhibited, fairly selectively, by cyclosporine A (Bernardi et al., 1994; Broekemeier et al, 1989; Gunter and Pfeiffer, 1990; Gunter et al, 1994; Petronilli et al, 1993; Zoratti and Szabo, 1995) . Furthermore, the permeability transition pore is voltage-dependent, the threshold potential being highly influenced by the redox state of both pyridine nucleotides and membrane-associated thiols (Bernardi, 1992; Chernyak and Bernardi, 1996; Constantini et al, 1996; Fagian et al, 1990; Petronilli et al, 1994a; Scorrano et al., 1997) . It is through the modulation of these redox sensors that many of the "inducing agents" are suspected to act. Lists of reported inducing agents, which include oxidants, heavy metals, and weak acids, have been compiled by Gunter and Pfeiffer (1990) and more recently by Zoratti and Szabo (1995) .
Induction of the MPT causes transformation of the pore to a high-conductance state freely permeable to solutes of ^1500 Da. This results in rapid dissipation of electrochemical gradients leading to depolarization of membrane potential and release of low-molecular-weight solutes, including calcium and GSH Savage et al, 1991; Savage and Reed, 1994; Solem and Wallace, 1993) . Along with this is the uncoupling of respiration and inhibition of ATP synthesis, which has been suggested to account for both the necrotic and apoptotic cell death observed with many of the MPT inducing agents (Hirsch et al, 1997; Richter and Kass, 1991) .
The detection of GSH conjugates of acrylic acid in vivo together with the depletion of nonprotein sulfhydryls following ethyl acrylate administration (Frederick et al, 1990; Ghanayem et al, 1991; Gillette and Frederick, 1993) suggests that AA may alter the regulation of the MPT by interfering with the thiol redox status of the voltage-sensing element of the pore. Indeed, we found that AA does induce the MPT in vitro, but apparently not by altering the thiol redox status. Associated with induction of the MPT by AA was a pronounced loss of mitochondrial GSH. However, we detected no oxidized GSSG in either the matrix or extramitochondrial fractions, nor did we detect any thiol ethers of AA. Accordingly, we conclude that the loss of GSH from the mitochondrial matrix caused by AA is attributable exclusively to the efflux of GSH from permeabilized mitochondria. The same has been reported for calcium plus phosphate-induced mitochondrial permeability transitions, wherein virtually all of the mitochondrial GSH was recovered in the medium in the reduced form (Savage et al, 1991; Savage and Reed, 1994) . Adding cyclosporine A completely prevents both mitochondrial swelling and release of matrix GSH. These observations suggest that AA induces the MPT in a manner analogous to that of calcium plus phosphate. Although the probability of pore opening may be influenced by the redox state of vicinal thiols, induction of the MPT by AA does not require thiol oxidation.
Additional evidence that argues against AA altering the thiol-dependent regulation of the permeability transition pore is the less than complete protection afforded by NEM and DTT, two sulfhydryl reagents that have been demonstrated to provide strong protection against oxidant-induced increases in the voltage gating potential of the pore (Palmeira and Wallace, 1997; Petronilli et al, 1994a) . A particularly interesting observation was that NEM prevented the AA-induced mitochondrial swelling (Fig. 3) , but did not prevent the depolarization of membrane potential (Fig. 5) or release of GSH (Fig. 7) . These observations resemble those reported for inhibitors of oxidative phosphorylation on the MPT induced by calcium plus phosphate. Savage and Reed (1994) reported that oligomycin, antimycin A, and sulfide all block calcium/phosphate-induced swelling of rat liver mitochondria in vitro, but do not prevent the depolarization or release of GSH and calcium. They conclude that induction of the cyclosporine A-sensitive MPT, as evidenced by membrane depolarization and diffusion of lowmolecular-weight solutes, can occur in the absence of overt morphological changes such as mitochondrial swelling. We suggest that NEM may affect mitochondrial bioenergetics in a manner similar to these inhibitors of oxidative phosphorylation, inferring that NEM has a direct effect on mitochondrial bioenergetics. This is supported by the slight depolarization of membrane potential by NEM alone (data not shown) and by the pronounced inhibitory effect of NEM on oxygen consumption (Fig. 4) . Indeed, NEM has been shown to inhibit the ATP/Pi antiport, proton conductance, and the pyridine dinucleotide transhydrogenase, and to depolarize ATP-energized mitochondria (Earle et al., 1978; Griffiths et al., 1984) . Pfeiffer et al. (1979) demonstrated that NEM itself causes calcium-dependent mitochondrial swelling, which they attribute to the inhibition of phospholipase activity. Based on these observations, it is quite evident that NEM affects several aspects of mitochondrial bioenergetics besides the thiol redox status of the permeability transition pore.
In conclusion, we demonstrate that AA induces the cyclosporine A-sensitive MPT in vitro by a mechanism that does not involve oxidation of mitochondrial GSH. The precise mechanism by which AA interferes with regulation of the pore has yet to be identified. Simbula et al. (1997) suggest two scenarios linking inhibition of mitochondrial bioenergetics and induction of the MPT to cell death: (1) Direct inhibition of the electron transport chain causes reversal of the ATP synthase wherein mitochondrial membrane potential is maintained at the expense of depleting ATP, or (2) inhibition of ATP synthesis interferes with ATP-dependent calcium homeostatic processes resulting in mitochondrial calcium influx and induction of the calciumdependent MPT. Regardless, this interference with mitochondrial bioenergetics may be an important factor in the mechanism by which AA and its esters cause toxic tissue injury in vivo. The recent implication of the mitochondrial permeability transition in the apoptotic response to chemical exposures suggests that induction of the MPT may modulate the cytotoxic and hyperplastic response to AA (Hirsch et al, 1997a,b) . Although there are no published reports on the effect of AA on apoptosis or any of the critical cell cycle control points, it is reasonable to speculate that induction of the MPT by AA may lead to the release of the mitochondrial apoptogenic factor (cytochrome c) or that the ensuing depletion of ATP will have remarkable effects on the energy-dependent program of metabolic steps involved in the apoptogenic process.
